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A STUDY OF THE EL&rTRO-CHEWICAL COP'I6ION OF MAGNErIU3

N.D. Tozashov, V.S. Komissarova and M.A. Tinnova.

The inferior corrosion-resistance of magnesium and =-•nesiua alloys
often seems a serious obstacle in the way of their wider use in a structural
design. Therefore a thorough study of the corrosion, and of methods for
protecting magnesium and its alloys, Is a matter of first-line importance.
Worthwhile studies in the field of magnesium alloy corrosion have been
carried out, in the Soviet Union, by a number of scientists at the All-Union
SMchbl" Construction Institutu for Aviation [1-4] and in the Academy of
Sciences of the USSR (5,6]. The corrosion process in marnesium and in
magnesium alloys is also being investigated by numerous scientists in other
countries (7-8]. Nevertheleso, in spite of the e.xtensive research material
which exists, there are still many obscure points invnlved in the mchanism
of the corrosion of magaeuium and its alloys.

In the present work, we have undertaken to study the mchanion of
magnes.um corrosion in sodium chloride sol u t 4nns principally under conditions
of anodic polarization of the metal.I

The great interest of studying the anod.ý. processes in particular, in
the corrcz;lon of mgnesiv-. arises frc% *he following circumstances.

1) cathodih -ocesses in the corrosion of magnesium, particularly it

referred to Lhe process of "vd-gen liberation on inclusion-! in the metal
and its alloye may bt regarued as considerably better explained R5han the
ar-dle process, ge mention, for example, the inverse relationship which
V.0. Krenig and G.A. Kostylev (91 have eRtablishoA betleen +h*. hydrogen
o'rw'ýIage on ct"ode inclusions .nd tht corrosive efficacy of these
inclusions. This relationship holds up well in the corrosion of meanesium
in -lectrolyte solutionm.

2) The a"odic processes in the corrosion of magnesium have been
comparat 4 vely little studied. Here we may menti-n only the work of
V.0. Krenig and V.K. Uspenskaya (10], who established the existence of a
neZ.vie difference-effect In the corrosion of magnesium and its alloys in
contac.t with other met-al.

3) The degree of anodic comtrol in magnesium corrosion Is quite
important as compared witoh othzr metals. According to N.D. Tomashov's cal-
culations, if oxygen depolarizatlon (corrosion in the atmosphere) is
accepted as the catLode process, then "odic control in magnesium corrosion
amounts to 31%, second only to anodic control in such easily pessivized
metals as aluminus (46%), chromium (43%) and beryllium (39%). Bt if
similar calculations are made for magnesium corrosioa smder conditions of
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hydrogen depoarization, which is usually the case in the corrosion of
msgesi's. ib G-jutions, then, the figure for anodic control becomes the
greater, being 6is much as 5OV. Thus in m•gnesium corrosion with hydrogen
depolarization, the anode and the cathode processes play approximately equal
parts.

4) In consequence of the strongly negutive value of the -teady
electrode potential of magnesirm in solutions, as compared with the electrode
potentials of other construction&l metals and alloys, it is necessary, in all
complicated designs involving different metals, to operate cognesium, and
mognesium alloys also, as anodes only.

If we regard the atructure of a magnesium alloy as a mwltiple-electrode
galvanic system [11), then the anode role is always played by the basic
magnesium background of the alloy structure, while the strengthening additions
act as cathodic components.

5) Study of ths anodic behavior of magnesium is also of great interest
from the view-point of the ever-expanding use of magnesium anodes in tech-
nology, both for pArposes of protective shielding and as new sources of
electric current (in the electric battery int &try).

6) On the scientific side, there is particular interest in the
study of anode processeb taking place on a magnesi'vn electrode through the
existence of the above-mentioned phenomenon of a negative differenci-effect;
that is, an increase in the rate of autolysis accompanying increase in the
anode current density, a phenomenon which is a characterisitic feature of the
corrosion processes for magnesium (9,101, aluminum (12,13 and their alloys
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The Research Materials

Our cornosion rueseerches and electro chemical researches were based
on a 0.5% N&Cl solution. VK extenstve uce o-f sodium chloride solutioLi
for corrosion studies is due to the fact that in prectice 4he majority of
actual casz of corrosion in electrolytes have chlorine as the main
corrosion-active ion. However, the use of pure Nal solutions would not be
entirely satisfactory in the present case. In the corrosion of magnesium in
neutral solutions, the electrolyte pH :hanges -markedly with time (becoming
alkaline), wnereas, in order to secure satisfactory reproducibility of
co-voicn tests and to eliminate the effect of change in the Lntion pH on
tht electrode potentials, it would be highly desiiý'wble to have the electrolyte
with a constant pR.

The maintenance of a constant value of th'- electrolyte p4 is possible
if the experiments are conducted at a high rate of zolution rentmal, but
experimentally this Is very difficult; howevar, it is not a complete cur:
for inadequate reproducibility, because of the considerable oH greAdent in
the Immediate vicinity of the electrode surface (concentratiou-polarization).



Therefore we decided to employ buffered solutions.

However, a buffer i"or corrosion experiments has to be selected with
great care, since the effect of introducing the usual buffer solutions, well-
known in electrochemistry, is to cause a marked change in the corrosion and
to give results which it is difficult to apply to real corrosion conditions.
On these grounds, we thought it most expedieat to employ, for cur corrosion

solutions, the buffer properties of the corrosion products of magnesium
itself. Given sufficiently good buffer characteristics, these solutions
would, with constant electrolyte volume and a quite slow renewal rate,
be entirely in accord with the conditions of actual msgnesium corrosion.

Accordingly we started by investigating the pe changes in a 0.5% fatC
solution when magnesium corrodes in it. We used, for the purpose, techno-
logical magnesium, pure magnesium and, in part, ML-4 and ML-5 alloys, the
chemical composition of these zetale beLng as shown in Table 1.

TABLE 1
Eleme•nt s, in

Al Zn ý Si Fe

Pure wgneiium 0.02 Traces 0.01 Traces 99.96

Technological magnesium O.9C3 0.15 0.02 0.02 0.012 99.73

ML-4 alloy 6.4 2.72 0.28 - 0.05 -

ML-5 alloy 9.0 0.71 0.33 - 0.05 -

Electrodes of technological magnesium, pure magnesimuA, and the ML-4
and ML-5 alloys were mmde up in rectangular shape, 40 x 15 x 2 mm in size,
with a surface area of 14 cm .

The test-pieces were cleaned with No. 000 sandpaper, degreased with
96% ethyl alcohol, dried off w!..h filter paper, and then kept for 20 hirs in
the drier over ;alcium chloride, so that the conditions of formatloo of the
natural oxide film were completely identical in all cases and the state of
the surface was definitely deterunid.
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Chang-_ of Solution pR in the Process of VA2.0neslum Corrosion

A study was m-3de of the process of corrosion of technological
magnesium (99.7V) in an 0-5% NWi1 jolution. The changes of p8 in the
solution during the corrosion process were observed.

An Is well known, the corrosion of magnesium In continuoup immersion
in chloride solutions pwoceeds, iL .. L cases, with hydrogen depfarization.
The only exceptions are the corrosion ot vrgnesium in distilled water or in
solutions under conditiones of varying immrsion, and alfo under conditions
of corrosion In the ktmosphere, where tac predAmiunit form of depolaurizatioa,



in the corrosion of magnesium and magnesium alloys, is oxygen ionization (151.
In the process of liberation of oxygen there takes place, on the cathode, an
accumulation of hydroxyl luns, and the electrolyte becomes alkaline, at first
on the cathodic regions and then through diffusion or mixing, throughout the
whole volume jf the electrolyt eT. Thus it my be stated that the change of
pR offers ur a convenient means of judging the development of the magnesium
corrosion process in the initial stages.

We made pH measurements both throughout the whole electrolyte volume
(under conditions of mixin6), using a glass ball electrode of special elec-
trod* glass, and also in the inrediate vicinity of the corroding magnesium

1-4-~ a m l-me v-Kr'4% The wLeasurerent set-up Is shown
In Figure 1. The emf wa; measured relatively to a calomel half-cell, by
means of a cathi%.e tabe potentiometer. The surface -rea of the magnesium
sample in these experiments was 14 cma, The electrolyte volume was 150 cm

The variation of the whcble-solution pH in the corrosion process is
shown in Figure 2, curve I. The pH, at first increasing rapidly, reaches a
maxium in 3.5 to 4 hrs, and after that begins to decrease a little. Then,
in 8-10 hra time, a constant pE value is established, equal to 10.2
approximately.

Calculations vf the pH on the basis of the known equilibrium constant
r cf the reaction:

ig(OHI) 2 OM"?;~ + 201C,

K- r•al]. [()H]2 -12

gives the theoretical equilibrium value pH - 10.34 for a saturated aqueous
solution of M;((H)R. The maximum in curve I of Figure 2 is at a slightly
higher value (10.6). Thia, it would seem, Indicates sore supersaturation of
the solution with magnesium hydroxide beforv It begins to be precipitated
out.

7he f!l ttoacly value of the pH (lO.i-lO.2) in curve I, however, is
somrahw . .v.* )r, tLt aquilibrium value. This fact, in our opinion, is to
be "xp3 t%ýy 1 37 r- ial netitralization of the free OH ty atmospheric
carbon •U'x'i. 'Po decide this question, pH measuremente were continued
after ths- 3t'J the corroding test-piece from the solution. In Figure 2,
curve II, 'h.kt m-aut -f withdrawal of the test-piece from the solution is at
the point marked 1; after this point, the curve goes downward (the pH
decreses). Re-immersion of the test-piece (at the point marked 2) causs
the curve to ris- again, with tht pH fi6ally comlng to the constant level
10.2. Cbaractaristically in this case, the irtninm due to the phenomenon of
maet�turation of thi solution is no longer observed.

This 0x1eriment fully r- ifirms that the oboerved pS variation is due
to som equiliorium between the rate of formation of OH ions b.y corr.slon
of te smagnesium and the rate of binding of these iotns. To some degree mor,-
over., in solutions opez to tV Ir, +he OR8 ion binding process involves, in
dAdtion to the process (f -p rr3Stion, a supplementary neutralIzation

due to the solution'* for-.4 X2 from the air.
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The rizing branch ot the phl curve in Figure 2 corresponds to a period

in which the rate of Oil ion accu:;uiation in the solution is greater than the

rate of neutralization.

When the solubility-product of magnesium hydroxide is reached (at the
very start, a; we have said, there also occurs a supersaturation of the
solution), an insoluble film is forr-nd; the rate of corrosion of the mag-
nesium declines and the rate of OH ion formation Mecreases; a situation is

created in which the rate of the neutralization process becomes higher tban

the rate of the OH ion formation, and the pH falls.

Then an equilibrium wIll be establishzd between the rate of the OH
ion for.',tion process and the rate of their neutralization, after which the

pH will remain practically constant.

When we compare the tirp-curve of pH variation (Fi6. 2) with the

corrosion curve (Fig. 3) we see that correEonding to the first sad second
intervals on the corrosion curve there is 'n in-terval of rapid pH increase.

Following this there is a decrease in the corrosion rate (the third interval),

corresponding to an interval of tne pH curve in which the rate of increa e
slows down and the pH maximum is attained. Finally, corresponding to the
establistinment of a constant corrosion rate there is, at first, a certain fa..

of 'he pH value and then the establishment of a constant pH. The linear part
of the curve continues steedily for xiuny tens of hours, until the dimensions

of the test-piece are visibly decreased by the corrosion. The establishment
of the constant corrosion rnte Is due to an equilibrium between processes

accelerating the corrosion 'film destruction, accumulation of cathodic
components) and processes slowing down the corrosion rate (formation of
magnesium hydroxide film).

The results of these studies have demonstrated the utility of
employing, for such corrosion tests, NaCI solutions buffered by a preliminary
corrosion of ma&nesium in them, until the pH is brought to 10.54.

Under conditions of corrosion tests in the atmosphere, and when the
surface areas of the umagnesium test-piec~s are not very large as compared
with the solution mirror, the pH1 will vary somewhat (10.2 to 10.1 approximately)
in consequence of a certain neutralizing action by atmospheric carbon dioxiOp-,
but this slihit pH variation is entirely negligible. Of course such solutionsc,

before the experitents, should either be stored in vessels secured against
penetration of atmospt ri: carbon dioxide, or should alwxys be kept with co.-

roding magnesium in thtm. We chose the latter procedure.

In corrosion tests in neutral solutions of metals other than mgnesium,
the variation of the solution pH =y be less, but it will neyertheless occur.
Therefore, in our opioi[1n, it would be correct to carry out corrosion tests

and electrochemical tests for a number of other metals, not just i1 neutral
solutions of the chlorides, as has been d :;e up to now, but in chloride
solutions buffered by the corrosion products of the me.al in question, cor-
roded in the solution until a more or less stable pH va-lue is attViined,
characteristic of each metal.



Corrosion of VLitgnesiuiu and its Allo~ys in Chloride Solutions

First we secured basic data on the natuxre of the corrok-ion processes
and on. the amount of corrosion in the absence o~f any :I-ditiona2. external anode
polarization.

The curves of corrosion rates versus tin-a which we obtained made it
possible not only to 1raw conClusions about the character of the corrosion
process, but also to ca,.culate quantltatively the atrength of the corrosion
current equivalent to the substance-rate of corrosion.

In our corrosion tests !in magnesium and its alloys,, both thoae reported
in this section of our paper and those with external smode polarization
reported in the othcr sections, we chose to emnploy a volurnetric index of the
inpgnasum corrosion rave (by quantity of liberated hydrogen), this dec. sic...
be"'g based on the following concepts.

1) It Is well krruim that under conditions of immersion in chloride
solutions magnlefium, even when thece is nat~ural ar-ration of the solutions,
corrodes &In at purely by hydro een depolarization (oxygen depolarization
amwmts to less than i%). The exceptiona (as has been establiphed by
N.D. Tomashov and T.V. ltatyeyeva in reference (1i5)) are t... corrosion of
magnesiuim in distilled water or the corrosion of M,,anesium under conditions
of variable £ivrersioun- also In atmosepheric corrosion. where the oxygen
corrosion my be ccap3.rable in amount with the hydrogen corrosion, or even
exceed it. Consequently,, under the selected conditions 'complete izzersion
of this magnei~u in a buffered 0.5% NaCl solution), the quantity of liberated
hydrogen my be taken, with adequate accuracy, as a quantitative charaocteristic
of the mgnesiun corrosion rate.

2) The volumetric Pmethod 14s of great working conv'enience, and also,
If ,a* takes :Into account t~i U fficulty of removin~g the .Zgnesium corrosion-
prodnets wltbout removine tue r-tal itself (a difficulty due to the high
motiv-ity of thow latter), it Is a methed o~f vxch higher precision.

3) A major advant~ag of the vol'.zrtric anthod is the postsibility of
takin~g a whoAe corrosion-versus-tize curve for each individual test-piece..

For eazh test, five para~llel test-pieces were set up. 1:oreoyer, each
teat, was cLr-*iod out twice, for puzrpos~es of check.

The appar-atus for the hydroqjcn liberat ion experir:!'nfs was~ of the
-'dinary kind, consisting~ of a tank, funnel and grtaduated test-tube. Di soce
of tý. leng-thl"er tests a mere advanced eudi0b-:-ter v:& employed,, tihich permit.ed
the solution to be periodically1 aspirated into the burette without loss of the
hydrogen liberated in the m-intime (seec FiK. 8).

The solution vo-lume for eaich ter-t-piece wans 6(X) mi. The t'sts were
tooducted at a timperature of 23-25*C. T>-. eurfac-c. area &nd the preparation
of tboe test-pieces were the sfr.=e as in the rvscar-zh on the solkut~on pHi
variatilon in the co.-rvosion process.



The corrosion-rate stid, was carrieA out in an 0.5$ solution of N8Cl,
previously buffered to pH IC.2 by magnesium corrosion products. In addition,
separate experiments for comparison purposes were made in a noL-buffeord
0.5% NaCI solution. The reproducibility of the results which we obtaimwd
in the several experiments my be regarded as quito satisf3ctory.

A study was made of the process of corrosion deyelosment in tixw.
The character of the corrosion at the start of the tests and during the
first 10-12 hours was examined in particular detail. During this period
measurements were taken every ten Wnutes; subsequently they were tak=
every hour. The curves obtained are shown in Fitures 3-5.

In the curve describing the 'Ume-development of the corrodice of

technological magnesiu.., four periods my be ditvinguithed:

1) The incubation period, in which there proceeds a slow process of

corrosion in pores already existing in the ftlu; this period lasts
10-15 min. (Segm-nts 1 and 2 of the curve are shown seyarately in
Figure 3, on a magnified scale.)

2) The period of destruction of the film and acceleratioo of the
corrosion proce.e. The duration of this period is H-2 hourb.

3) A period in which there is a certain decrease of the torrosioa
rate (froc the second to the third hour).

4) The period of establishment of a constant corro.l:t rate (after
three hours).

This curve is in good agreement with the results on the pH variation in a
0.5% WaCl solution containing corrodi-n m&ugnsium, an already discussed
supra.

Fi&=re 4 is a graph show-L: 0, the lawn of variation in the
mr'rsion of pure and technological =gnesiuwi in 0.5$ W1I solutions,

btfere4 at pH 10.2 and unbuffered.

The •urves permit the following conclusP-ns to be &xrvwn.

1) in buffered solutions, aus one might expect, ý.ue corrosion of
technological ma esiua proc-eds, in the initial period, at a smewhat
reduw.ed rate.

2; An incubation period is beerved both in buffere-I aad in
uinbufered soluticns. But In the buffered solutions, on w-co~ut of the
lower initia.l rate of corrob.oan. the =azi=m and constant rate is
esi-.bli-hed at a much jater ti4e (after 18 hours). The-, curve in this
car- riser &w thl.i to the :onstant cor.rosion rate, witbeut thA cbarac-
teristic bend .._z-wn by the unuuffe.-d gol-tions 2-3 ztiz.rs after the
Intiatiom of. the corrosion p•',>.

3) Pure magnesium corrodos, ar- indeed is to be expected, at a iLvh
!uwrr rate thbn tec,.nologica Ir-gmeasi'm.
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The corrosion rate at each and every moment is d',te'mined by a
romplicatp•l set of different aid often oppositely proceeding processe6. On
the one hand there are factors accelerating the corrosion process; fcr
inatence, destruction of the oxide film, the exposure of cathodic inclusions
with low hy4riogen overvolta&es. Or. the other hand there are factorr inhibl-
tLg the corro3loL process: the formation of stable protective films of
corrosion pro-ducts, the cz-ubling off of active cathodic inclusions and thel.r
remoial from the eurface, the variation of the pH of the medi.u&, and so forth.

At the moieint f 'to irersion in the electrolyte, the nagnesium is
covered by & nntvral chide film having pores and with breaks at the sites of
cathodlc i lusionDc. When the metal comes into contact with the electrolyto,
there takes plroee a process of the metal's dissolvizn through the pores.
There also t '. -s)lce a procep'., of the film's being broken down in its
weaker spots b- the a¶tackint; ions. Until the film is breached, we have the

;un ri-C. A- the film breaks down and retal passes into solution,
new cathodic inclisions are ir-coveredi the total amount of cathodic areas
to thus increased, e.Lad since the cathodic inclusions are much more effective
than the fil•-caihode (te drogen overvoltage on them is considerably lower
than on the film), it i; quitc clear that the rate of the corrosion process
increaste. Tu support of the above stater.znts, we may adduce the figu•res
for the hydrogen overvoltages on various i-.ztale in slightly alkaline solutions
of 0.5 NzCI a; a current density of 3 mA/cmZ [10].

Volts

Fe 0.485

Cu 0.67

Al 0.865

It, oxidized 1.845

M., metallic 1.855

A d oi the corrosion process can only be caused by formation
of a fill: -'f co ocien products consisting of magnesium hydroxide or basic
salts of wDr-, f-=plex type, which are insoluble under the experimenta! mn-
ditions. Tfe phenomenon of the initial inhibition of corrosion is not ob-
served, be-cM.e the cornrcýi-u products causing the inhibition are being pre-
cipltated at momt dist•,nce from the electrode surface, or, in the case of
the non-buffered solutions, because at the pH of 7.5-8.0 which we have at
the beginning of the experiment the corrosion products are still soluble.
Thus according to Britton [15] the precipitation of magnesium hydroxide takes
place at a pH of about 10.

Thus when a nan-buffered 0.5% VaCi soluti.on is used, we do not have
the conditions for the forrmtion of P stable film of corrosion products
ca-nable of noticeably iLAbiting the corrosio" process right from the start.
T-* means high rates of magnesium corrosion iz, non-buff, -cd solutions durimng
the initial period of action of the solution.

By the chancre of potential when the electrode is cleaned off, we may
Judýe the degree of film orotection provided by the maignesium corrosion

mr.!ucts. Thu: eacording to data in G.V. Akimov and Gob. Klark [171,
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measurement of the magnesium potentie. after cleaning off the film, versus
the potential of mawnesium with the film intact, gave the following results,
depending on the solutien pH:

i) In an acid medlum (0.1 n EC!), cleaning off the film prodi..s
no noticeable change of potential relative to the potential of wanesium
with the oxide film.

2) In a neutr-! medium (3% Ns~l) there is, when the film Is cleaned
off, a change of potential in the negative directiom, amunting to
60-80 WuV.

3) In the alkaline region (0.1 n NaOH) the potential changes, up6n
clean4ng, by 300-400 WV in the negative direction.

Hence the protective properties of the film increase with increase of the
solution pH in the corrosion process.

(b, the linear part of the curve the corrosion has a constant rate,
a rate not chauging with time. This period of the curve must be due to an
equilibrium between the formation of a ragnesium hydroxide (or magnesium
carbonate) film, a process Inhibiting the development of corrosion, and the
destruction of the protective film, a process accelerating the corrosion.

The film destrrction, with consequent uncovering of new cathodic areas,
ay proceed both through rupture of the film by hydrogen bubbles or through

Siimple mechanical dieintegration in the corrosion process; also by way of
chemicsl or electrochemical breakdown (the solution process for the moat
pert) of the film on the anodic areas, the latter being effected by the
active ions of the solution (for instance, chlorine ions).

As for the corrosion of the IM-4 and 11L-5 alloys, both with natural
and with artifici.al films (Fig. 5), here the corrosion differs in character
from that of pure ani technological rngnesium. In the corrosion of these
alloys there is an in,.ubation period of insignificant duration, .fter which
the corroe~o increc_.es for 10-15 minutes, through film rupture; then the
forma.tion of protective layers of corrosion products, inhibiting corrobeAu,
causes a slow-down iW the rate, which after 30-40 minutes becoxas practicaliy
"constant.

A fact which draws our attention is that the corrosion-resistance of
M1-# end even of 1.1-5 is co=e tens of tiicas higher than that of technological
mgaesium. This is not due just to the presence of annganese. For Instance,
a Mg-Zn alloy also 'as mnre corrosion-resistant.

Questions int connection with the higher corrosion-resistance of
magnesiuiu-ranganes alloys havz been invu,;tigated by V.0. Krenig,
S. Ye. Pnvlov, N.oB. 1obovnikov [2, 4] end by a .u.,xoer of foreign research
workers. Some th~eories exict re the mrchanlzra of the effect of manganese
in increasing th'ý corrosion-resistvnce of a ragncsium alloy, ! it the majority
of authcrs exp'ain this phenomenon by th higher resistance of a film of
manganese dihydroxide [M(0O) 2 1 formed in the corrosion process on a



mP4e~uh-aLanae lloy, c-a cooloaM with thi1 p~ctantiye pyr& of the
corrosion-product fila on ugnesium.; it may also be supposed. that Mbp when
it enters into an alloy having iron inclusions., strongly reduces the
effectivenews of these inclusions by increasing the hydrogen overvoltage an
thou.

The lower corrosion resistance of the )4L-5 alloy as compartd. with ML-4
my be explained by this Ptlloy' s greater content or aluminum.

The external appearance of the test-pieces also supporta the idea that
the character of the corrosion is different in technological msgneuiua and
in the ML-4 sand ML-5 alloys. We encounter the most dangercus "pitting"
form of corrosion In techoologic-al ignesium.

To be able to judge uvyre fully the processes taking place in corro3ion
on the surface of the test-pieces, we also studied the time-variation of the
potential. The curves obta~ined are shown in Figure 6. -From the data It wy
be seen that the potentials of all the alloys in"vistigated are rendered more
favorable in the corrosion process. The strong improvement of the potenti&l
proceeds for 2-3 hours, after which it is gradually stattilized.

Coxparison of the corrosion rate curvta with the curves of the tim-
variation of potential show that the improvement of the potential during
the first few hours or the immnersion of the test-piece in the solution in
connected with the parallel Increase of the corrosion rate, and., consequently,.
Is duae to the predominating decrease In the -itbode polarizability of the
corrosion system, for Instance,. through exposure and accumulat ion of new
cathodic inclusions on the surface of the alloy.

The subsequent stabilization or the _,tential indicatee;, not that the
accumulation of cathodic Inclusiwo~ is zn ý. prolonged without limit, but
also that it is inhibited,, appa-'ntly .Airough weakening of the union of VAz6
cathodic particles with the corrodiau, sur,ýace and their removal from the
surface by hydrogen bubbles or inchavi!c~l 'liaintegration,, or through loss of
electrical contact. A decrease of caý.hode efficiency with time say also
take place through the cathodic areas becoming covered with precipitated
&*iesium hydroxide., as will be discussed infra.

Attei 2-3 hours of corrosion we get., in the majority of cases, a
constant p1 value, a cons-tant rat'Q of corrosion, and a comparatively smanll
vuriatio, of electrodle pz te:ýial.

For the alloys tested under the given conditions, a more negative value
of the established potentie'. corresponds to a lower corro3ion-resistancee,
as may be seen from tle curves. The only exception is pure wigpesiua, which
Is charaterized by a compaaV~vely high c orros Ion -res istance* at a ccasider-
able negative potential.
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Studf of 1:gnesium Corrosion with Applied Anode Current

Here we are setting forth the principal results of our auantitative
experiments on the effect of the apyplied anode current on the process of
magnesium autolysis, which from the chemical point of view is similar to the
action of a cathodic contact on magnesium.

We studied: 1) The time-variation of the wtolyxia with anode
curreat of constant density, and 2) the effect of different anode current
densities on the autolysis.

As our experimental material we used cast technological manesiua
of 99.7% purity. The test-pieces were made in the form of discs, 32 mm in
diameter and 5 rm thick. The working surface was one base of the disc, with
an area of 4.52 cm2 .

The preparation of the test-pieces was carried out in the usual
manner, as de6cribed above. The test-piece was mounted solidly in a
plexiglass holder, hermetically sealed (Fig. 7). The design of the holder,
as shown, guaranteed a reliable contact and hermetic sealing, and made
possible, if necessary, to use the gravimetric method of determining the
antolysis along with the liberated hydrogen determination; also to make
measurements of the electr-ode potentials or polariiation characteristics.

To measure the quantity of liberated gas, a burette was mounted over
the test-piece (Fig. 8). As electrolyte, a 0.5% NaCl solution, buffered at
pK 10.20 with corrositn products, was employed.

All the tests wer'e carried out in a thermostat at a temperature of
25' 0t 2 C, In all cases the cathode was platinum. The iumersion of the
test-pieces into the solution was effected with the current flowing. Each
test was repeated not less than three times. The general agreement af the
results obtained by the hydrogen determination method may be regarded as
satisfactory.

The anode current was oupplied by a storage battery through a circuit
permitting the voltage to be regulated as necessary. This method made it
possible to study the anode process uhil- excluLýng the effect on it of any
time-varying cathode process which would occur with contact between the
magnesium and different cathiode metals.

We investigated first of all the time-rate of the magnesium autoiysio
process at several densities of the anode polarizing current, from 0.2 to

50 mA/c=n.

It was found that for all the current densities studied the autolysis
rate remains constant, if the chort initial induction period "s ignored.

Figure 9 ,ihows graphically the results of these experixnrnts. The relation-
ship found for the amount of actual corrosion of the ma- esium anode

(autolysis, "s defined by the voi#Me of hydrogen liberated over the naj-
neslum electrode) liner, up very w;ell with a linear tir.Ž-decndence relation-
ship for all the current densities invetti~ated. In Table 2 we show the
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steadily established sutolysis rates for the magaesium P-node., expressed
in milliliters of hyd!rogen liberated over the electrode.

The data in Table 2 make evident the direct ý^elation between anode
current density and autolysia rate, for the magnesium electrode.

TABLZ 2

Final SteLdy Auto]Zsis Rate for Magnesium Anode (In mil of Uydrogev

Liberated. per cal of Over-All Surface of Maesium Electro.,de pe our)
at Different CurrentDensities.

Current density Autolysis rate, M~g anode

0 0.022
0.2 0.044
0.5 0.33
1.0 0. 5.
2.0 1.04

3.0 .0 3.6£5
20.0 7.50
50.0 16.q

Figure 10 is a graph of the dependence of autolyzis on current
density, constructed from the data in Figure 9 and Table 2. As we see,.
there I@ a linear relationship between the amount of sautolyuis end the
density of the externally applied current over a ~t-de, range, of curreu.t
densities (excluding the very aziall densities, c':,mensurste with the cor-
rosion current of non-polarized 31graesiumu). Therefore we zu.it iudubitably
C-1clude that the application of the anode current causes an activation of
"Ahe waguesium electrode, and an increase in the rate of actual cor.-s ion
proportional to the applied current density (a Aegative difference effect)
over a wide range of current densities.

A bIghly interesting quzation Is whether thise acceleration of pro-
tctive films destructiot, by the azode current Is an irreversible process or,
On the contrary, whiether at-ter removsal of the an,,e curs ent a process of
renewal (healing) of thn protective film will1 spontaneously occur, with a
conjequet decrease in the autolyajls rate.

To enewr this quention, a ispecial experir-nt was coinducted. For a
period of three hours, which corresponds to the establishment of tbe constant
rate of hydrogen liberation, the sAxtolysis process was observed without the
aode Cuar-.--.- applied4. In Figure 11, the part of the curve corresponding
to this process is sepmnt I. which indicates tbat after a certain decel-
eration, the autolysis rate becomes constant.
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Then an anode current of density 0.5 mA/cu' was applied to the
test-piece (F18. l1a), and the process of umgnesium autolyuis was observed
for a period of 2 hours. After application of the current., the autol"is
rate increased, and soon re-established itself at a constant level. The
increased rate of autolysis Is hown by the steepening of the slope of
segment II in Figure 11. After this, the applied curroot was again removed
(Fig. 1Ub), whereupon the autolysis rate Ieiately Usa to fall an In
time became constant oce more (segnt Ill), at a rate. apprazimetely equal
to that which It had at Use start, without the anode ivrant applied
(segnt I). Thus we have to oconlude that the surfte 4f the teet-Viece,
In the sense of its corrosion behavior, osa return t e •+is na1, •,ss

active state; that Is, there takes np1e a %ealing' of t disrupsed areas
of the film.

The fozmutio of the protective film after emavva rt the acol,
current consists not only in the sealing off oO' the active cathodic ev6
mnodic are"a by the insoluble corrosion produits (mosiua 4zdzld•d)
formed from the metal by secondary roceseeso, but also my proeeG ty U rsa%
chemical or electrochemAial Interaction of mmesius with ow.en disolveA
in the water, or even with the oygen of the water.

ftudy of the Character of the Local Corrosion f f!!sum
with an A lesd node Cunut

it is well known that magnesiva, as a rule, showe a elearly
me-zased loa.6 type of corrosion, with formti of deep earoeis-ýA.4ee
(pits). But the aL;.racter of thee ulcerations Is straoma dependent both
on the characer of the metal or alloy and on the trevintanw" of te
oo -oeio• procese (for eaisle, the cooemratiom of ative chlorune tons).

In .ae present work we nvee"-4 zted the effect of anode ,urrent
density -4 the c€aroter of tho local corrosion of t~echonlr• mPesiUm.
We det.'rained the croGs-seotional area of the corrosion iuler;, their Aepth
and t1wir ^r=14aration as related to tims, at constant applied current
ians.1ty (0.5 iA/cOa) and, in some eperiten, tc effeet of dUfferent
curiýmt densities wi4h equal 1couloaC7 qwatities of leectricity passed.

After exposure of the test-pieces to the eowroeiv bah U nd the
proper oonditious, and after rovs.l of the aorrosion pr*od ts, US surfaces
of the test-piece were saubjected to oartful exsamnaticn.

With S. Ye. tvlor'u microwtor [IS], tUe dop of the pite were
masured with a preciswL of up to 0.01 ns. Un oalulatiag the e14M, the
oan of six arbitrary wm -ur'ts %w taken.

The calculation of thin maaer of Aito and tbeir *rasesosltiena~l
area w handled by pbotopvapt the toes-pisoes with a wldtabl mnpifioc-
tioc, &**or" to the sise of the its.
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In order to obtain a high-co: trast photograph with sharper definition
of the boundaries of the idlvidual pits, a paste of carbon black In grease
was rubbed over the corroded surfaces of the test-pieces, which were then
cartmlully rolished.

iJAs procedure gave the beat contrasting boundaries for the corrosion
ulcoer and mado possible a quantitatIve determination of the area of each
ulcer by plenimetry of the photographic print.

The count of the pits was made from the photographs. The areas of
the individual pits were measured with the planimeter, and the total area
of the local corrosion was found as the sum of the individual areas.

The measured data on the kinetics of the corrosion ulcers at a
constant current density of 0.5 &.<cm2 are set forth In Table 3. Figure 12
shows photographs of the test-pleces after anode polarization, snd Figure 13
gives the curves characterizing the growth of the pits with time.

As we see, the depth of the corrosion pits increase with time
according to a certain attenuating curve. With passage of time the rate of
increase of depth, and also the increase in the cross-sectional area or mean
ft, Oter of the pits, becomes smeller.

It Is cbarcteristic that at constant anode current density the
mobr of corrosion pits remins coentant for quite a long time (Figs. 12
sad 13, 3), aM only thereafter gradually decreases. The decrease oc ,urs
because neighboring cavities cow so close to each other that after a certain
interval of time they merge.

For a current density of 0.5 MA/cUR, the process begins after 6 houia
and proceood with maxuimu Intensity for B hours; after that it continues,
but with re&ued intensity.

As the 'an nowinl area" of a pit, we take the result of dividing
the total area of pitting by the origiual number of pits (179); that is,
witou taking Into consideraticu the decrease in the number of pit. through
te marging which occurs in protracted periods of corrosion.

tarting from the total ares of the corrosion pits and tlse number
of pits, we calculated the area of a single pit. Taking the area of a pit
as the area of a circle, we calcul&ted the r&dlus. Comparison of the radius
thw found witti the depth permits the conclusion that the depth of each pit
wnd the radius of its crooS-s•ectiom in the plane of tke test-piece surface
bave Identical rates of' increse.

A.t ay ec momit ths depth of a corrosioz: pit is approximteely
mal Wto the radius of the cross-section ar•, conseruently, tbc area of the

pit is prvportioncl to the square of th4 #pth (Table 3).
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TANIR 5

Growth of Corroiion Pits on the S urffet of .TehUlogical !!eIuua,

with an Anode Polarizatlon Curreat of Den•eity 0.5 IA/cet.

Total area
of pits (M 2 Calculated
per cm" of Resn ares of We" nolsnl Meaured radilu of

Exposure go. of pits test-piece individual pit area of Indl- depth of surfcee of
__r) prc ur!9 Mý vidahal pit mm') pi t (m) pit (im)

2 1 7U 3.45 0.0192 0.0192 0.061 0.076

4199.48 ý: 153 Ci.06 0.181 0.150o

6 176 14.65 0.0852 0.082 0.192 0.163

9 124 251. 15 0.21 0.140 0.236 0.160

16.75 133 32.90 0.247 0.185 0.3U6 0.2SO

The equality of the radius and depth of the pit indicates an
approximately uniform direction of growth of the corrosion ulcer, and permit.
us to assume that in general the configuration of a pit in roughly hesis-
pherical, and the area of the pit at the test-piece surface roughly a circle
(the section of a sphere along a great circle).

This nominal determination of the pit configuration is, of course,
not yet adequate for any exact calculation of the area of a pit.

Even in the case that the general shapo of such a pit is
macroscopically close to hemispherical, the microscopic topograp•y of its
surface will, because of the crystallographic structure of the dissolving
mgnesium, have a strong±' featured character and the surface area will not
be an entirely determlnabie quantity.

However, if we take the degree of microtopograpbhic roighness of
the surface for a given crystaIlographic structure of the test-piece &a
approximaTely constant, and independent of the size of the pit, then
it may be stated that the true surface of the pit will l!kewise iucrease
proportionately with its cross-sectional area, or ... what amounts to the
same thing ... proportionately with the d.Iameter of ths pit or its depth.

On the basis of pucely weometric notions it follows, from these
considerations, that the grrth of a pit in depth will be proportiors l, at
a constant autolysis rate, to the cuDC: Aoot of the tim (r a kt), while the
growth of itm area will be proportloril to the cube root of the square of the
time (F -

Analysis of our e periMental curves for the grth of a pit in
depth and cross-sectional area (Fig. l•, I and 2) show- that to a certain
degree of app-oximstion this rtally is the case.
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An interesting fact appears from the experimental data. The autolysis
rate for mgneslum (calcullated from the hydrogen liberation rate) is constant
In time (for a given current density), in spite of the fact that the area
undergoing corrosion, within the pit, is '-ovtlnuslly increasing with time.

This interesting fact my be explained in two ways.

irstt, It my be suppneed that the whole area inside the pit is a
simultaneously active, dissolving surface. In this case there will be, with
a growth of the pit proportional to the increase of its total dissolving
Surface, a decrease in the true anode current density, and, proportional
thereto, a decrease in the autolysis rate per unit area of the active surface:
that is, the decrease of autolysis resulting from decrease in the true
current density will be exactly compensated b) the increase in the active
Surfsce area, and thus the total autolysis rate for the test-piece wvii not
abange with time.

Setood, we might suppose that the true area inside the corrosion
pit is not all active surface at one and the sawe time. in this case we
my moks the likacy assumption that the active dissolving surface does not
depend cc the total area ef the pit, but is determined only by the anode
current density (per unit area of the over-all surface of the agnesium siode).

It seems that the second mechanism, as previously established by the
rsearches of N.D. Toiashoy aDd V.1. okdestova (12] on the anodic dissolving
of aluminum In chloride solutions, should be considered the more probable for
the snodic dissolving of magnesium too.

It was of interest also to trace the effect of the anode current
denity on the character of the corrosice-pit formation process. Of course,
compar•son of the charaeriastics of pits at different anode current den-
sities r kes soene only on condition -hat the total aumont of mgnesiu=
corroded is the sam. It was with this principle as our st&arting-point that
we carried out a series of observatlons, observing tie character of the local
cor ion on the magneslum anode after polarisatlm with different Aensities
of urrmt, but decreasing the tine of exposure in such a way ýhat the product
of tiM by curert density, that is, the quantity of electricity which passed
through unit area of the anode surface, remaned constant. This quantity of
ele4ctrieity ,,a# e*qual to 0.0375 A-hr. per test-piece, or 0.00633 A-hrs per
as* of the test- eco surface, since the working surface i- of the test-
pisece e C.S 4 C

We #sAtied, under these conditiocs, the character of the corioueor
pits ]S forned: the number of such pits per unit area of the over-all
surfact of the test-pusce, their depth, the oral cross-sectional area of
pltti*g in t*e plane of the test-piewe surface, the croos-sectional area zf
each pit, end its :prox~imte coefiguration.

The proce4ur* foo- dat~ruining the dapth and aea of the corroolon
pits has been d&scribed abo-ve.



The character of the variation of local corrosion on the IIpesiua
anode, in relation tc current density, for equal quantities of electricity
transaitted, 1. illustrated by the photographs of the test-pieces, Figure 14.

All the measurement data, de•ustrating the fundamentally regular
relationship between growth of corrosion pits and density of applied anode
current, are given in Table 4#.

TABLZ 4

Chazacto- of Ue Corroe1•_ Pits Poued Iz the Anod•.1 POIrM1961st of

Tochologal by Curret of Diffe-vat Deaeitiee WAf3pl

atitise of Transmitted Electricity (0.00833 A-hrsL/ca).

Aumber of
corrosion pits Total area of asured N eaa'ulated

Current per cun of over- corr~osce pits Kenn ar&e deptb of red£lu of
deislt all surfac. area per ecu of test- per corrosion corro.1.m corroesin
(aA/cu ) of the test-Riec* piece suirface (on) Pit (m)Pits (Mn) ]At& (M)

0.1 17 13.5 0.754 0.52 0.49

0.2 3! 24.0 0.723 0.45 0.46

0.5 116 42.0 0.56" 0.34 0.54

1.0 101 56.0 0.310 0.24 0.31

2.0 Z56 66.2 0.258 0.11 0.28

ZO.0 an 75.0 0.084 0(V. o.1-

'rho adduced e"perimental data clearly indicate the entirely definite
relationship of the number of corrosion centers to the anode current density.

With increase of the current density, there ia a mrked increase in
the number of corrosion pitA, and also in their total cross-section, while,
on the other hand, the depth and cros-sestional arta of each individual pit
decreases.

Under the conditiors choSen (that is, eqaal amtimts of transaitted
elect ricity) the quantity of wagnesiuz corroded off was cons.ant. In ftt,

the tot&! asount of zagnesium is made up of two compments: .) tbA quantity

of anodica&lly dissolving mgnesium, proportioaal to 'he quantity of tran.it~ed
electricity in accordance •Ith Faraday'z equlv-alent, ani 2) the qantity of
magnesium corroded throa- processes of anode a&.. -olysis. -The latter quaxt ty,
as we hav-e shown, is dIrectly roportional to the current density. dowever,
since under the cmditiorR chosen (constant aamtnt of transmitted electricity)
the expo-uare tim irk inversely proportlonal to the current 0-enoity, then,
consequently, the total quantity of cgnesium eorroded by the autolysis process
"also remains, under these experimental conditions, canstszt and independent
of the current density.



The increase in the number cf corrosion pits which develop with
increasing anode current density may be expliened as follows.

The destruction of the protective film first takes place in its
weaker areas. Obviously, the higher the curren' deniity, that is, the high~r
the positive potential applied to the anode, the greater the surface areas
over which the film may be destroyed and, consequently, the greater the area
in which corrosion centers may develop.

The increase in the number of corrosion centers with increasing
current density will (under conditions of their approximately constant con-
figtration and identical total aimomt of corrosion) of zourse mean a decrease
in depth and area of the individual pit. The total sumed area of a.1l the
pits will thus increase. The character of the corrosion becomes, one might
say, more uniform with increase of the current and, on the other hand, more
localized atth decrease of the anode current.

Analysis of the experimental data shows that for current densities
that are not too high (up to 2 zA/cm2 ) tht number of active points (corrosion
pits) developing is approximately proportional to the lo4arithm of the current
density (Fig. 15). Cnly at coLAsiderably higther cu.rent da.slties (of the
order of 10-20 mA/cm2 ) do active centers aevelop in greater numbers than would
follow from this law.

It is characteristic that just as soon as corrosion centers develop
the corrosion process locallsos itself at these points, pi..ucing corrosion
pits; as a rule, formation of new corrosion centers wiUl then no longer take
ple'* vith this anode current density.

In tbese experiments it was also confirmed that the calculated mean
raius of the cross-section of the corrosion pit (takiing its configuration
as hemWsperical) for fairly low current desaities (up to 1. mA/cm2 approxi-
nately) is near to the experimentally measuled corrosion-pit depth (Table 4).
CossquentýLy, at thest current densitlea a corrosion pit, once it appears,
will grow in roughly equal measure b-oth in depth and Ln 4h*th, thus pro-
dticing a general pit-con figuration close to the 'emisphe:'l¢ai.

On the other hand, at higher current densities (for instance at
20 SA/cm') the cross-sectional area of the It is approximat.e&y twice as great
as its depth; that is, at large anode currents the pit will bewin to increase
Predominntly in width. Thus at hihi cu..irrent densities the corrosion prxess
acquires an increasing tendency to pase Oros a local phenomencn into a .- nesJ.
e, both wit% respect to the n-oer of center* developing and with

respect to the ch&racteristics of their growth.
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Effect of Cathod- Structural Cogponents

on the 'a2nesoium Autolysis Process

The principal, most active cathode admix-ures in technological
magneV,= are iron, nickel, copper and certain intermetallic compounds of
these elements with magnesium (19].

It is of interest to elucidate the accelerating effect of cathodic
structural components on the corrosion of magnesium in neutral chloride
solutions.

%7 determine the operative efficacy of microcathodes on the su-face
of corroding magnesium, we performed the following experiment.

Copper was deposited on the surface of one magnesium test-piece
from a solution of 15% CuCl + 0.8$ BC1 for a period of one minute; on
another test-piece, for a period of 20 seconds. Thus the first test-piece
had approximately three times as imch deposited copper as the second. The
autolysis r-tes for these magnesium test-pieces, in an 0.5$ NaIl solution
buffered with m'gnesium corrosion products and with anode polarizationl and
a current density of 0.5 mA/cm2 , were compared with the autolysis rates of
the wame test-pieces under the sane conditions, but without '.he deposits of
copper. The results of the xpt_. "ent are shown in Figure 16.

During the firpt few minutes the dissolving rate of tae test-pieces
with the copper were co iiderably higher (5 to 8 times higher, depending on
the quantity of deposited copper) than the dlssoi.ving rate of the ordinary
magnesium test-piecea. But thereafter, In spite of tie fact that the autolysis
rate rema'nt practically constant for the ordinary magnesium te-t-pieces, Lhe
initial aut tlysis rate for the coppered test-pieces decreased greaý,ly with
passage of .ime, establishing itself at a constant level only after 3-4 h's.
1his final steady rate of autolysin is then no lon_,er very different from that
of the ordinary manesium test-piece with no copper )n it.

With steady conditlons establishedl the autclysis rate of coppered
am•esium test-pieces is 2 tc' !.Z times higher than the c itolysis rate of
ordinary- magneai'!m (depending on the eP•ount of deposited copper). From this
experi-met it folows that *%e effetctiveness of cathodic particles delsited
on the su;-iace of mnýmesl=u dlmui.-shes very rapidly with time.

Evidently this happens for the following two reasons: 1) at point*
of active disiolving of mgn-eslum (Corro-slon pits) the deposited copper is
si:r~y scaled off by •-nicol disintegration d Is r-moved from the surice;
) on areas where thiere is no corros4 .cu, the catholic partc1lea lose their

efficacy throwb being covered and btlocked by nn-te6•um corrosion products.

Thus we hAve tc cacl-olde that under co-!)ditlows of ccrroeion In iA

aeutr&l chlorIrid solutic-n (vebdich is in f.ct eqAvaient to corrosion ia a
weakly alkaline _-din, on accoout cf the n cor zion croducts) the
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u-d1a the efficacy of the cathodes decrcaseu rather rapidly in time, tLrougb
the blocking nf their surfacec by magnesium corrosion products.

It is worth notin- that in the corro&ion of magnesium in neutral or
aCkaline solutions the cathodic components which enter into the composition
of a metallic alloy and are not d'posrit- ý- the surface, as in our case,
will keep their efficiency to a greater degree. This follows, for instance,
from comparison of the corrosion rates for technolcglctil and pure x3gnesiua
(Fig. 4). In this case a sealing off and blccking of microcathodes will also
occur, and therefore in principle the efficacy of the cathodes will be lower
when the corrosion takes place iL acid solutions. But if the microcathodem
are a structural component of a metallic alloy (and not deposited on the
surface) then instead of cathodes separating from the surface there will boe,
in the corrosion zone (the surface iDside the corrosion pit) new active
nicrocathodes continually appearing in the corrosion zone, issuing from the
alloy structuic, as the corrotion process moves forward.

Evidently each density of current will have co-renpondlng to it a
certain quantity of actively operating cathodes, because of an equilibrium
between the rate of uncovering of new cathodee and the rate of remrval or
aealing. off of old microcathodes.

Thms greater current density means a greater qu~mtity of active
cathdes.

- o0o -

Discussion of the Results

1) We have este'-lished that in the corrosion of magnceeun or its
alloys in a neutral NaCl solution, the pH of the solution is rapidly dis-
placed to the alkaline bide, vecoming steady at pH I0.2Z, close to the value
AO.M4, which ig th" pH calculated from the equilibrium constant of the

M300H2 OM~C + .-

The slight departure of the pH from the theoreti-,U -alue may, on
the beain of trperiments carried out, be explained by the neutralizing action
of at~)BpherLc carbon dioxide.

We have expressed the opinion that it uculd be expedient to car.,;
4fut ulectrocnemical experimcants not in Leutral chloride solutions, as is ihe
accepted procedu_ý, but In chloride solutions 1wcviously buffered to constant
pH by the corrosion products of tb^ matal being studied.

-) We have stV1AidX the corrosion oi2 te'hnologictl and pure
magnesius, •nd altsr that of maGnevium alloys •1-A-4 and 1.1-5, in an 0.5% NaCI
colution. For te.,unological ny•riur, an initially sorc,.fhat reduced
corrosjý. rate was fouad to ue characteristic (the incubation p.rlnd),
:oilow(:d hy a graoual acceleration duc to the effect of cathodic admixtures
Accurmiating on t>-. surface. For the ML-4 and 14L-5 alloys, on the other
hand. 41 "oxrewhtit g ter corrosion in the initial period was 0ound to be
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chractcristicp with a certain decrease of the corrosion rate in tim, dus,
apparently, to the gre`al formation of more of the protective film.

TAK" 5

8ate Corrosion Rates and Potential, of LWeMEuu and Alots i.n

0.9) C1 ~Jolutlon Pr'eviouZ Suffered tc P1 10.20 with R Corrooloc P•oduts-.

Corrouioa rat-. (number of al Final steay poteetial
of hydraog liberated per c witha respmt to 1 n.

Metal or alloy of tt-p:ce srface perhydrog•n•electrote (V)

Pur xm~pesium 0.085 -1.307

Techuologea~l m•gnesiua 0.2 -1.320

IC-I alloy 0.0114 -1.248

)L-5 alloy G.024 -1.268

MI,-I alloy, oxldirod 0.006 -t.240

It is characteristic that pure mneoiezum has a considerably lower
ste!ady corrvsion rate than technological magnesium. But the ML-t and MU-5
nmanesium alloys also show themselves mach more resietant than technological
m3ýnesium.

The measured electrode potentials of the alloys in a 0.5% MaCl
so3ution show, after a few hours, characteristic steady values. Alloys wlich
are more corrosion-resis.ant as compared with techno",ogical ugnesius cor-
respondl, in general, to more positive elpctrode poteniai., and the more
re~istant alloys tML-5 and especially ML-4) in the o•4dized state do indeed
exhibit a less negativt potential.

This behavior must be connaected with an increasing inhibit4 u of
the &node proceso as we go from technological magnesium to ML-5 alloy and
then to M-4 alloy and oxidized ML-4. Anodic inhibition, as is well known,
will displace the potential of a corrosion-system to the positive side and
siuulltaneously reduce the corrosion rate [5, ?0-221]

However, in the transition from technological mugnesium to pure
magnesium the stable electrode potential becomes more regative, wu'le simul-
taneously the corrosion r.te decreases. Thas, undoubtedly, is connected with
the basic incr-ase in the cathodic inhibition of the corrosion process as we
go toward ptuAe magnesium (due to the small quantity of -athodic inclusions).
It is well known that a predominant increase of c"thodic inhibitions [5, 10,
14 and 15] will cause a caecrease of -orrosioL with simultaneous displacement
of the total mea~ared potxenti&l of the corrosion system toward more neget ive
values,
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3) Stud~y of the effect of anode polarization on the corrosion of
a ina~ncsium ele<ctrode has shoit'n that the pure corrazion, that Is., the
eautolyvlin rate of the electrode (after dcductioxr of the purely anodic Uis-
solution corrcesponding, to the current paesed), considerably increases with
increase in the unode currecnt donoity. Thus, for instance, the autolysis
rate of technological w:!gncsium, at the r-xirum. Investigated current density

of mA1C amoeiunts to 16.8 ml (by hydrogen). If' we compare this figure
,c~. cm2 - (b

with the &amount of putre corrosion for magnesium under the or-me conditions

but withouxt any applied cu- -ant., nerol2y 0.022 then Ic is obvious that
at an anode current density of 50 mA/cm2, the amount of pure corrosion has
increased 764 times.

Over the wide range of current densities investigated (from 0.5 to
50 M/cna)., excluding cmli currents commnsurable with the corrosion clrygut,
the eautolygis rate Is nicely proportional to tht .~ cu~rrent density
(Fig. 10). In this region of current densities we havej, for -'.chnological
manesium under the conditions investigated, a constant ratio or 0.82 (82%)
bw.*ween the sutolysis current and the externally applied anode current. Thum
for each 100 parts of maguesium dissolved by the anode currentj, a further
82 parts of magnesium are dissolved by the4 process of autolysis (the negative
difference effect). If we coapare the amount of autolysis for aluminum in
approximtely the seme current density interval, an amount which according
to the research findings of N.D. Tomashov and V.N. Modestova. 1i121, is 3;
"~ the amount of anode dissolution, then we have to conclude thst the amiount,
of autolysis (the amount of the negative difference effect) for magnesium
cansiderabl~y exceeds tbt amoun"W for aluminum. Consequently the amount of
useless dissolving of a mgnesium protective electrode or magnesium battery
#node will be mich higher than in the case of aluminum., unless special steps
mme taken to eliminate Olea phenomenon. From this It follows that in contacts
vs~ealum mAd, it seems, waguesium alloys, will suffer from corrosion mach
no"e then aluninum and &_ iinum alloys., even with Identical external currents
In the contact aircuit.

The machaniss of the proportionality established between magnesium
aiutolynis "n anode current density, or (as we may look at it if we wish)
the pxvportionality between aut)ljuis and the amount of anode current passed
through the test-piece, cannot yei. be regarded an definitely explained.

To account for this phenomenon (the negative difference effect), both
chemical and electrochemical mechanisme may be Invoked. In both cacet the
increawe of autolysic I.s referred to a proportional increare in the active
surface of the electrode by the anode cirrent' £ destroying the protective
film,, with a subseqjuent acceleratice of the chemical interaction betw~en
the active surface and water (in the chemical view) or an increase in the
activity of new microcathodes on areas of the electrode surface stripped ot
protective fi~m by the action of the anode current.* In the electrochemical
view of th. negative difference effect, a view which seems to us the more
pi-wbable., we say suppose,. In the sam* way as has be~n established by
Tm 'sbov and 3&idostova. (12] in the case of the negative difference effect oni
aluminum, that the microcathodes are constituted not, onl~y by micro-inc lusion#
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Ir t'e• aliny, I Fdro to a great extent by areas of the metal itself (in this
case wagnesium) adjacent, t, the dissolving crystallographic face (toe anoas)
and which migrate with the migration of the anode face in the solution process.

Support for this thesis my be found in the feet that even pure
magnesium exhibits the phenomenon of accelerated autolysis under conditions
of anode polarisation in chloride solutions. Comsequently there arm ounds
for believing that processes of ma=Vesium autolysis occur wve tn the absence
of foreign inclusions and /that they involve] an indepenlent, purer cathodic
phase rf the uagnesiu .

Thus in the elactr-.hemical view of the negative difference effect
(acceleration of autolysis with increase of anode current) we have to believe
that tho cauiuodic areas may be Lreas of the mesnesium itself, areas having
the thinnest protective film. Areas becoming thus cathodic are, it sees.,
parts of the magnesium surface directly adjacent to the active anode are"s as
the latter advance in the solution process (Fig. 17).

With this mechanism, the swunt of the active cathodic surface is
proportional to the amount of activ.- anodic surface (or, if this is constant,
to the rate of movement of the latter over the surface of the electrode
through the dissolving of magnesium).

Since the area of the active aaode surxface (or the rate of its
displacement) is proportional to the anode zuxrent, we can understand that
the cathode efficiency also will be directly proportional to the density of

the applied current. This fact will indeed guarentes a linear relationship
between the autolysis rate (rate of hydrogen liberation over the magnesium
anode) and the current density.

The ammunt of active cathodic surface is in dynamic equdlibrium uith
the a•unt of active anodic surface, or, whqt mounts to the sae thin-, with
the anode current density. When the snode current density is 'iucreased, the
active anode surface, and the active cathode surface which depends on it, will
increase in amunt; when the current density is decreased, the area of active
anode and cathode surface decreases proportionately.

This is well supported by the experinst, which have demonstrated
the reversible increase (or decrease) in the autrlsis rate with increase
(or decrease) in the anode current density. We mAy suppose that whem the
"anode current is decreased the active anodic and cathodic surfaces are
reversibly diminished; they are healed over by the passivising action
(for.tion of protective film) _f t•- oxygen dlisaolved in the electrolyte,
or ever dire-tly by the oxygen or the water.

Study of the distribut-lon :f aocal corrosion under conditions of
ano>e polarization givee grounds for the statement that not all the surface
within the corrosion pit is simultaneously active anodic surface. The cavity
of the corrosicn pit is nothing more than a place where the active anodic
surface (the dissolving crystallographic face) can advance, in the course
of its dissolviug. The sure solid protective film on the rest of the sur-
face does not', under the constant conditions of tbo experiment, permit the



dissolving active face to emerc. onto the surface, and thus the &issolvi"
procese is localized inside the corrosion efvity.

Conclusions

1% When manesius corrodes in a neutral, atmosperically aerated,
0.5$ lCl solution, tae solution pH moves toward the stable value 10.2.

2) It 1. expedient to carry out researches on electrchemical
corrosion in chloride solutions previously buffered to constant pH with
c€Arrosion products of the metal under investigation.

3) The corrosion of magnesium in an 0.5% N&aCl solution proceeds,
after a certain incubation period, almost linearly in time.

4) The metals investigated my be arranged in the following eerier.,
according to the decline -ýf the corrosicn rate which they exhibit in an
0.5%-m NaCl solution: technological mgnesium - ML-5 alloy - ML-4 alloy -
prew magnesium.

5) The electrode pctentials of the metals investigated show, in a
0.5%-a DsWl solution, at first a certain improvement, tending, 6ciwever,
toward a stable value. According to the value of the Legative potential,
the metals studied may be arranged in the following series: technological
aesit - pre magnesium - )4L-5 alloy - ML-4 alloy - oxidized W,-4 alloy.

6) The autolysis rate of magnesutm, for all anode current densities
st•dJied (from 0.2 to 50 mA/c 2 ), stays proportional to time, throughout all
the intervals investigated (up to 17 hours).

7) The rate of magnesium autolysis increases in a linear ratio with
the Increase of anode current density. For 0.5$ Nail solutioL- the ratio of
autolysis current to externally applied anode current is -!'nsta*t, and equal
to 0.82 in the case of technological magnesium.

8) Ta* increas, of mr.-- au.oly•is with inertase of anode
current may be explained by azstruction of the ;..utectiN.4 oxide film on the
vspaesium, through facilitation of the process of chlorine ion penetration
into the film, or adsorption c. hi.orine ion on the film, when the
wlectrode potential -d displaced to the V4..1txve side by increase of t'-
a&nod- current density.

9) When tLn anode z-:rrent is decreased nr cut off, the autolyis of
.aigeium Aecreases; consequently zhere is a reversible "hea~liz7 of the
aw+iv surface areas tkUugh p6*sivi•Aion of the Psanesium ",y the reesktik
o& the metal with water.

10) Upon increase of tUe awde current, the numler of corrorion
czaters (pits) on the ,g.aesium anod' lac•..ases. For current deni.8ties which
are not too high, the number of eozrrosl- centers increast. proportionsa-ly
to the logarithm of the current dnsii..y.
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11) The number of corrosion centers which develop in the first
Instant when the current is applied to the magnesium anods remains constant
in tim•, so long as the current density does not change.

12) wnr anode densities whicn are not too high, the (,,ena er-
figuration of the corrosion pit is close to hemipberierl. At himbe curent
densities there appears & greater tendency for the corrastoc pit to pm in
width (transition to a more uniform corrosion Wf the electrode).

13) The true snodic surface of the mnesilum electrode, the surface
which Is in process of dissolving at the given u , fis we suggest, pro-
portional to the current density and is independ.~t of iurease In the total
surface ares of the corrosion pit.

14) The autoiysis rate for magnesium i' proportional, we suest,
to the area of the true active anodic surface.

15) The principal active aderocathodC surrace of anodically
dissolving zmsgnesi is the surface of the nxs ftes itselfj in area
covered by a thinner passive film. These areas ar.! directly adjacent to
the active anodic areas, moving with ther as they are diaplaced by dissolving.

16) Ut•der conditions of ccrrosl.aa in neutral (alkaline) ecl solutions,
the efficacy of cathodes (Cu) artificiulJ inl1anted on the mlgeD.iu surface
dininishes rapidly with time, m•inly 4hrougt taoir being covered over by
a Wnesium hydroxide.
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fig. 1. Meauremet of PI
with glass electrode. 1 -
Glass electrode. 2 - Concftting
siphan. 3 - Caloml half-coli.
4 - Veston cell. 5 - Vacuum tube
potentloweter. 6 - Intermediate
vessel. 7 - Electrolyte, 0.5A IaCl.
8 - L'gnlesium test-piece. 9 - M brmno.

41----- - -----

TiI

Fig. 2. Variatoa of pR Is 0.% • l•l
solution in preee of corroding

I. Without resuval of taet-piece

II. Tst-piece removed fro soliutio
it"r 1 ur•s (1•) and the
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Fig. 3. Tim-va~riation of corrosice or
teebinologIca1 mgesi~m in we -buffered
3.5% 5W1 solution (according to hydrogm
liberstod)

ul

4,) -i i

TtT

Fig. 4. Ti-maristioc of corrvo.-Loc
of pur* mid technol.ogical uagntium
over a period of 48 bo%-x9 (accordind
to hydrcigau liberated).

Pureupcoium:1 - i.n 0.5% WI1
in 0.5% IS1 tlutiom

hiftered to p6 10.2.
?wchaolýAic l -WAUR: 2 - in 0.5$%

'MFI olut ici: 2' -in 0~ w~t1
buffered to pR 10.2.
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0 '.3 4*! 71# Mbrs

Time

Fig. 5. Variation of corrosion
of WL-4 and HL-5 alloys, over a
period of 5 days.

,L-4 alloy: 1 - in 5 aCl
solution: 1' in 0.5$ W 1Ci
solution buffered to pS 10.2.
HL-5 alloy: 2 -in 5$ W1
solution: 2' - in 54 W&Cl
.oluticm buffered to pH 10.2.
ML-4 alloy, oxidized: 3 - 0.5%
WlN solution: so - in 0.5% NecI

bauffered to pH 10.2

a

1=iFIt1 I iV iJ 1 t

Si i I i : i H

0,, J I 7, t i •VjV

.. .-L-L__,---- .-_

FIg. 6. Tie-varlatioc of potential
inl 0.5% WaIl solution.

- ThnE 2.reim T-C Two logical
mwgesium -: 5 - HL-4 alloy: 4 - KL-5
liloy: 5 - ,L-4 alloy, oxA-11ed
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y~g. 7. Nwtin~g of' test-piece
in p~exig1aso holder.

1 - meet pic-ý!, wqesi" dipe.
2 - Ru)'b.,,r go- I - Sc row -ap
of Plexiglass holdr-. 4 -&a
of plexI~1iws ho-de. 5 I A-
glass tUl 6 - Co1!pmAf I -4r

7 - Brass mpx-nR_ ccn--act. 3
Led-,wire solaerod to coctvct.
9 -Screws seruring -zontact-sprin~g
to pei~s ~r

rag. S. General .1 v~ of
o paritum for de~ermiming

L. mciium corrosice rate.
TbtrD~t&t.2 -

k~imr. 3 - Tank. - 4
NIPPrt r. 5 - arett, e
for collec tn41 *rd-en.
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Fig. 9. Time-v.riatic of sutolysi I-ate of Magesiua
electrode for different Lode current densities.

Current dens I•__ / 2  0-0; 2 -0.2; 3- 0.5;
4 -1; 5 2; 1,.i0 ; 7 -20; 8 -50.
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rig, 11. Tim3-ra~riatico of saitolyuia process,, ns~pesius
electrod~e, with applicatioa sand removal. of enode currwit.

a) AwUd current 0.5 MA/cu't
b) Cureat wltched off.

2 ~4 .

Pig. Chearacter of IowaJ. cori-osio on~ tochwo1ogical
mansu (growth of crroslin cvirities) wit. Passaje of
tivei~ polaxlzation, anode cur-en' of G.,5 xk/nug. M.nified
15 tiii6,

Duration of polarization of test-pieces (WzAws):
I - 2; - 4'; 3 -6.5; 4 -9; 5 - .. ZF.S.



Tim

ftp. 13. Growt~h of' !".,or~icW Pits
in tim, &t constant current density
0.5 nM/c3?.

I - Area of pits on surface;
2 - Corrosion-pit 8Ajth; 3
Number of corrosion pits.

40

443

rig. 14. Surface appearance uf mgaesius tezý.-pieces after anodic
polarization with currents of various densities,. but with equal
quanatities of electricity trawaitted.

Curr~n'+ density (nA/cu2): I - 0.1; 2: - 0.2; 3 -0.5;

4 -1; 5 -2; 6 -10; 1 -50.
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Fig. 15. Relation between number of
corrosion c-nters and anode current
density.

a - Simple plot; b - Semi-logarithmic
plot.

//

o ~I

Fig. 17. Diagram of anodic
dissolving of mgnesiut.

AA - Dissol-ing face
(anode surface), displaced
an it dissolves, as indicated
by the arrow; KK - Zone
adjacent to anodo surface has

ml r---,- ,T thinner passive film than re-
, I1*1 [TT maining surface (N4), and plays

S.-..j -the part of the basic cathode.

V4.

t 4 ft f,* D tl hrsl
Time

Fig. 16. Time dependence of autolysis
pa'oceas with anode poiarization,, 1r
magnesium electrodes with differmnt
amounts of cathodic corponents. Ctu-rent
density 0.5 mA/cm2 .

1 - Hanesium electrode plated with
copper for one minute. 2 - Magnesium
electrode plat-4 with copper for twenty
seconds. 3 - Magnesium electrode without
copper deposit.


